Our aim was to study the presence of noradrenergic nerves and to characterize the a-adrenergic receptors involved in the contractions to electrical field stimulation and to a-adrenergic agonists of the horse penile deep dorsal vein. Noradrenergic fibres were visualized by immunohistochemistry using an antibody against dopamine-beta-hydroxylase (DBH). For functional studies, the responses of the venous rings to electrical field stimulation and to a-adrenergic agonists (noradrenaline, phenylephrine and BHT 920) were studied in the absence and the presence of noradrenergic transmission-and neuronal sodium channel-blockers (guanethidine and tetrodotoxin, respectively) and of a 1 -and a 2 -adrenergic antagonists (prazosin and rauwolscine, respectively). DBHimmunoreactive fibres were present in the adventitia and in the media layer of the venous rings. Electrical field stimulation (0.5-32 Hz) caused frequency-dependent contractions that were abolished by guanethidine (10 À6 M) and tetrodotoxin (10 À6 M) and reduced by prazosin (10 À9 -10 À7 M) and rauwolscine (3 Â 10
Introduction
Penile erection is a vascular phenomenon, and abnormal vascular responsiveness and the subsequent failure to retain blood within the sinusoids is the most common cause of vasculogenic impotence. In the flaccid state, there is a free venous drainage. During erection, the sinusoids are filled with blood and the plexus of subtunical venules is compressed against the tunica albuginea, thus resulting in a decrease in venous outflow, which is referred to as the veno-occlusive mechanism. 1 The relaxation of both the trabecular smooth muscle and penile vasculature is achieved partly by cholinergic nerves, which suppress excitatory noradrenergic transmission, and also by the release of nitric oxide from nerves and the endothelium. Thus, nitric oxide is involved in the inhibitory neurotransmission of human and horse small penile arteries 2, 3 and horse corpus cavernosum 4 and relaxes the smooth muscle through a guanylate cyclase-dependent mechanism. Activation of noradrenergic nerves causes detumescence of the erect penis, and sympathetic tone probably also maintains the penis in a flaccid state. 5, 6 In the penile corpus cavernosum, the release of noradrenaline from nerves is limited by the inhibition produced by prejunctional a 2 -adrenoceptors. 7 This mechanism was also demonstrated to modulate the nitrergic neurotransmission in the horse penile resistance arteries. 3 The two main subtypes of a-adrenoceptors, a 1 -and a 2 -adrenoceptors, may occur postjunctionally in vascular tissues. 8 Concerning penile vessels, noradrenaline contracts human cavernous artery 9 and circumflex vein 10 through a mixed population of a 1 -and a 2 -adrenoceptors, whereas in penile resistance arteries stimulation of noradrenergic nerves releases noradrenaline, which induces vasoconstriction through a predominant activation of a 1 -adrenoceptors. 3 No information, however, is available regarding the adrenoceptor subtypes mediating noradrenaline contractions in the deep dorsal vein, which is primarily involved in the venous drainage from the corpus cavernosum.
11 Therefore, the aim of the present study was to show the presence of noradrenergic nerves and to characterize the functional a-adrenoceptors mediating the responses to electrical field stimulation and to exogenous a-adrenoceptors agonists in the horse penile deep dorsal vein.
Materials and methods
Penile deep dorsal veins were obtained from adult horse penis at the local slaughterhouse, immediately after the animals were killed. The tissue was placed in a cold (41C) physiological saline solution (PSS) with the following composition (mM): NaCl 119, KCl 4.7, KH 2 PO 4 1.18, MgSO 4 1.17, CaCl 2 1.5, ethylenediaminetetraacetic acid 0.027 and glucose 11. The solution was gassed with 5% CO 2 in 95% O 2 to maintain pH at 7.4.
Morphological studies
Tissues were fixed through the immersion in 4% paraformaldehyde in 0.1 M sodium phosphate buffer (PB), pH 7.4 at 41C for 24-48 h, and later on were placed in a cryoprotective PB solution containing 30% sucrose, for 24 h, at 41C. The samples were frozen in CO 2 and stored at -801C until they were sectioned. Longitudinal and transversal sections of 40-50 mm were obtained by means of a freezing microtome.
The free-floating sections were processed for immunohistochemistry using the avidin-biotinperoxidase complex (ABC) method. 12 The tissue sections were immersed in a mixture of 1% H 2 O 2 and 90% methanol in distilled water for 30 min and then were washed in PB (3 Â 10 min). Samples were preincubated in 10% normal goat serum in PB containing 0.3% Triton X-100 for 2-3 h and then incubated in the presence of rabbit antidopamine beta hydroxylase (Chemicon International Inc.) diluted 1:2000 in PB. The sections were then incubated with biotinylated anti-rabbit serum raised in goat (Chemicon International Inc.) 1:400 dilution for 2 h at room temperature. The specimens were incubated with avidin-biotin complex (ABC, Vector) 1:100 for 90 min at atmospheric temperature. The immunocomplex was visualized with 0.05% 3,3-diaminobenzidine (DAB) and 0.001% H 2 O 2 in PB. No immunoreactivity could be detected in sections incubated in the absence of the primary antisera.
Functional studies
Ring preparations (3-4 mm long) of horse deep dorsal veins were dissected. Vascular endothelium was mechanically removed. The preparations were suspended horizontally, with one end connected to an isometric transducer (Grass FT03C) and the other one to a micrometer screw that regulates the tension applied, in 5 ml organ baths containing PSS at 371C, pH 7.4. The signal was recorded continuously on a polygraph (Grass 79E). A passive tension of 1-1.5 g was applied to the vessels and they were allowed to equilibrate for 30 min.
The contractile ability of the vessels was tested by exposing the samples to 124 mM potassium-rich PSS (KPSS). In electrical field stimulation experiments, noradrenaline neuronal uptake, b-adrenergic-and muscarinic-receptors were blocked by incubation with cocaine (3 Â 10 À6 M), propranolol (3 Â 10 À6 M) and atropine (10 À6 M), respectively, during a period of 30 min, and these drugs were present throughout the experiment. Electrical field stimulation was performed with rectangular pulses (1 ms duration, 0.5-32 Hz, 20 s trains) at 3 min intervals from a Cibertec CS20 stimulator (Barcelona, Spain) with constant current output adjusted to 75 mA. Concentration-response curves to adrenergic agonists were performed in the presence of cocaine (3 Â 10 À6 M) and corticosterone (10 À6 M) to inhibit the neuronal and extraneuronal, respectively, uptake of amines, and propranolol (3 Â 10 À6 M) to block b-adrenoceptors. Contractile responses to the agonists were reproducible in three consecutive concentration-response curves. In the antagonist studies, a first control curve was performed and after washing in PSS for 1 h, the vessel was incubated with the antagonist for 30 min and a new concentration-response curve to the agonist was constructed. Experiments to characterize the involvement of a 1 -and a 2 -adrenergic receptors with phenylephrine and BHT 920 were systematically performed in the presence of 0.1 mM rauwolscine and 0.1 mM prazosin, respectively, in order to avoid unspecific effects of these antagonists on a 2 -and a 1 -adrenergic receptors.
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Drugs and solutions
The following drugs were used: BHT 920 (5-allyl-2-amino-5,6,7,8-tetrahydro-4H-thiazol-(4,5-d)-azepindihydrochloride) (Boehringer Ingelheim, Germany), cocaine HCl, corticosterone HCl, guanethidine HCl, noradrenaline HCl, phentolamine HCl, phenylephrine HCl, prazosin HCl, propranolol HCl and tetrodotoxin HCl (Sigma, USA) and rauwolscine (Tocris, UK). Prazosin was dissolved in warm water (501C) at pH 4-5 with constant agitation. The other drugs were dissolved in distilled water.
Statistical analysis
For each frequency-or concentration-response curve the frequency (EF 50 ) or concentration (EC 50 ) required to give half-maximal vessel response was estimated by computerized nonlinear regression analysis (GraphPad Prism, USA). Different concentrations of prazosin (10 À9 -10 À7 M) and rauwolscine (3 Â 10 À9 -3 Â 10 À7 M) were tested on the contractions elicited by a single frequency (16 Hz) of electrical field stimulation. The potency and maximal responses to agonists are expressed in terms of pD 2 and E max , respectively. pD 2 is defined as the negative logarithm of EC 50 (pD 2 ¼ Àlog EC 50 ). E max is expressed as a percentage of the KPSS-induced contraction (agonist study) or the maximal response of the control concentration-response curve (antagonist study). The affinity of antagonists is expressed as pA 2 (pA 2 ¼ Àlog[(B/CRÀ1)], where B is the antagonist concentration and CR is the concentration-ratio of the agonist). Results are expressed as mean7s.e.m. Statistical differences were studied by Student's t-test for paired and unpaired observations and by one-way analysis of variance (ANOVA) for multiple comparisons, followed by an a posteriori Bonferroni test. Differences were considered significant with a probability level of Po0.05.
Results

Morphological studies
Noradrenergic nerve fibres were visualized by immunohistochemistry using an antibody against DBH in sections from horse penile deep dorsal vein. These fibres exhibited different sizes from individual fibres with varicosities to thick nerve trunks. DBH-immunoreactive fibres and trunks were orientated in all directions to the vascular lumen and were mainly located in the inner part of the adventitia and further penetrated into the media layer, but were not observed in the intima (Figure 1 ). Noradrenaline, phenylephrine and BHT 920 induced equipotent concentration-dependent and endothelium-independent contractions (pD 2 Prazosin produced significant rightwards shifts of the phenylephrine CRC in all preparations (Figure 3a) . The Schild plot of prazosin against phenylephrine gave a slope (1.0770.36) not different from unity and a pA 2 value of 8.8170.45 (n ¼ 6). The plot was constrained to unity giving a pK B value of 9.1070.16 for prazosin against phenylephrine.
Functional studies
Rauwoslcine competitively antagonized the response to BHT 920 (Figure 3b) . The Schild plot for rauwoslcine against BHT 920 gave a slope (1.0670.06, n ¼ 6) not different from unity and a pA 2 Noradrenergic regulation in horse penile dorsal vein P Recio et al
Discussion
The results of the current investigation provide morphological and functional evidence for an essential role of noradrenaline in the venoconstriction of the horse penile deep dorsal vein, through activation of smooth muscle a 1 -and a 2 -adrenergic receptor. This conclusion is supported by: (1) The existence of a moderate density of DBH-immunoreactive innervation, expressed in nerve trunks and fine fibres distributed in the inner part of the adventitia and the media layer. (2) Electrical field stimulation evoked frequency-dependent contractions that were abolished by guanethidine and tetrodotoxin and reduced by prazosin and rauwolscine. (3) Noradrenaline, phenylephrine and BHT 920 induced equipotent concentration-dependent and endothelium-independent contractions. (4) The contractions induced by phenylephrine and BHT 920 were competitively antagonized by the pretreatment with prazosin and rauwolscine, a 1 -and a 2 -adrenergic receptor selective antagonists, respectively.
The morphological findings obtained in horse penile deep dorsal vein showing the distribution of DBH-immunoreactive nerves in the media layer contrast with the generally accepted pattern of innervation of blood vessels, where the nerve fibres are usually located in the adventitial layer. [13] [14] [15] In our work, penetration of DBH-immunoreactive fibres to the effector smooth muscle layer may represent a mechanism by which the horse penile deep dorsal vein responds faster and more extensively to vasoconstrictor noradrenergic nerve activity. Penile veins seem to be regulated by both vasoconstrictor and vasodilator agents to the same degree as arterial smooth muscle. 16, 17 The neurogenic and pharmacological responses of the deep dorsal and circumflex veins, which are the main venous drainage from the corpus cavernosum, may represent an active component of the penile vascular bed during the processes of detumescence and erection. The fact that in horse deep penile dorsal vein, electrical field stimulation-evoked contractions were abolished by the blockers of the noradrenergic transmission and neuronal sodium channels, guanethidine and tetrodotoxin, respectively, and reduced by the a 1 -and a 2 -receptor antagonist, prazosin and rauwolscine, respectively, indicates that neurogenic contractions are associated with the release of noradrenaline from noradrenergic nerves acting on a 1 -and a 2 -adrenoceptors.
Postjunctional a-adrenoceptors have previously been reported to mediate noradrenaline contraction in human 10, 18 and horse 19 corpus cavernosum and penile resistance arteries 3, 20 that control blood flow between the systemic arterial circulation and cavernous sinusoids. The latter studies suggest the presence of postjunctional a 1 -and a 2 -adrenoceptors in those tissues, with a predominance of the a 1 -adrenoceptor subtype.
In our work, the potency showed by phenylephrine was similar to that exhibited by BHT 920, whereas the maximal responses obtained to noradrenaline and phenylephrine were much higher than those obtained to BHT 920, which agrees with the results described in different vascular beds, where there is a mixed population of a 1 -and a 2 -adrenoceptors, a 2 -adrenoceptor stimulation mediates a low maximal response compared with a 1 -adrenoceptor stimulation. Noradrenergic regulation in horse penile dorsal vein P Recio et al
In our study, the phenylephrine-induced contractions were competitively antagonized by prazosin, the pK B value obtained (9.10) being within the range for postjunctional a 1 -adrenoceptors (8.19-10.0) . 21 In the presence of prazosin, BHT 920, a selective a 2 -adrenoceptor agonist, induced contractions, suggesting the presence of postjunctional a 2 -adrenoceptors in our preparation. The mediation of a 2 -adrenoceptors in the noradrenaline contraction of the horse penile deep dorsal vein is also supported by the rauwolscine-induced rightwards shift of the BHT 920-induced CRC. The displacement curve for rauwolscine (pK B of 8.74) and the finding of a slope close to unity indicate competitive antagonism. Thus, the contractile effect induced by a 1 -and a 2 -adrenoceptor agonists, and its inhibition by the corresponding selective antagonists, suggest the presence of functional postjunctional a 1 -and a 2 -adrenoceptors in the horse penile deep dorsal vein. Our results agree with those found in human circumflex vein and cavernous artery, 10 showing that a mixed population of a 1 -and a 2 -adrenoceptors mediates the contractions to adrenergic receptor agonists. Although the role of postjunctional a 2 -adrenoceptors in the penile vascular bed is not clear, it is possible that these receptors inhibit the cyclic AMP accumulation in vascular smooth muscle in response to stimulation evoked by inhibitory neurotransmitters such as VIP or CGRP. 22 Thus, it seems that whereas in the large conductance penile vessels, such as the cavernous artery 9 and circumflex and dorsal deep veins, 10 both a 1 -and a 2 -adrenoceptors mediate noradrenaline contraction, in the penile helicine resistance arteries 3 and trabecular smooth muscle, 13 functional a 1 -adrenoceptors predominate.
In conclusion, the results of the present work suggest the existence of a moderate density of DBH-immunoreactive nerve fibres distributed in the inner part of the adventitia and in the media layer of the horse penile deep dorsal vein. Noradrenaline released from noradrenergic intramural nerve endings induces contraction of venous rings through activation of a 1 -and a 2 -adrenoceptors, thus extending previous studies in penile venous vessels showing that a heterogeneous population of a-adrenoceptors mediates penile venoconstriction.
